Human disturbance and climate change have increased the risk of extinction for rare and endangered wild plant species. One effective way to conserve these rare and endangered species is through reintroduction. In this review, we summarize the advances in wild plant reintroduction from five perspectives: the establishment of reintroduction biology as an important tool for biodiversity conservation; the importance of genetic diversity in reintroduction; reintroduction under global climate change; recruitment limitation in reintroduction; and reintroduction and ecological restoration. In addition, we consider the future of plant reintroduction strategies.
The formation of a species, its evolution, potential endangerment and extinction largely reflect interactions between the genetic characteristics of the species and the environment. Globally, plant species are disappearing at an unprecedented rate, because of narrow distribution ranges, over-exploitation, habitat degradation, and climate change [1, 2] . Currently, approximately 20000 of 300000 known vascular plants species are endangered according to the International Union for Conservation of Nature (IUCN). Thus, the Global Strategy for Plant Conservation (GSPC) was issued by countries that participated in the Convention on Biological Diversity (CBD) in 2002 [3] . In China, about 15%-20% of all plant and animal species are threatened, higher than the global mean of 10%-15% [4] . To meet the GSPC targets, China issued China's Strategy for Plant Conservation in 2008. In goal eight of the strategy, 10% of threatened species should be reintroduced to their original habitats [4] .
The three major techniques to plant conservation include in situ and ex situ conservation, and reintroduction. China has protected approximately 65% of vascular plant communities using in situ conservation techniques in natural reserves and national park systems, and preserved about 60% of plant species through ex situ conservation in botanical gardens and other ex situ conservation facilities [5, 6] . Reintroduction refers to the deliberate establishment of individuals of a species in an area and/or habitat where it has become extirpated. Therefore, reintroduction may be effective at protecting and rescuing extremely small populations [7] . In 2012, China initiated the second national survey on rare and endangered plants and a national program for the conservation of extremely small populations. These projects are expected to conserve plant species by integrating in situ and ex situ conservation, and reintroduction techniques [2] .
The relationship between plants and other organisms in natural ecosystems is extremely complicated [1] . A stable community or ecosystem does not easily integrate a new species, even when that species was an original member of the ecosystem. The reintroduction of species is difficult because rare and endangered plant species are often unable to adapt to human disturbance and rapid environmental change. However, the reintroduction of rare and endangered species is of great academic and practical significance but successful cases of reintroduction are few [8] . In this paper, we review the advances in the research and practice concerning the reintroduction of rare and endangered plant species, and consider the need for future research.
The biology of reintroduction and the development of reintroduction as an important tool for biodiversity conservation
The reintroduction of species involves the deliberate establishment of individuals of a species in an area and/or habitat where it has become extinct or nearly extinct. The aim is to establish a viable, self-sustaining population that has sufficient genetic resources to adapt to environmental change [7] . The three main concepts of reintroduction are augmentation, restitution and translocation. In augmentation (referred to as reinforcement or enhancement), individuals are added to an existing population, increasing the population size or genetic diversity. In restitution (referred to as reestablishment or restoration), individuals of a species are released into an area where the species formerly inhabited. In translocation (referred to as species introduction), individuals of a species are transferred from the existing distribution area to new areas that are not part of the historic distribution [912]. Seddon [13] defined a conservation translocation spectrum that included reintroduction, reinforcement, ecological replacement, assisted colonization and community construction. The first two concepts focus on particular species. The aim is to restore or augment the population at sites within the original historic distribution. The other three concepts focus on the ecosystem, involving introductions of a species into areas that are not part of its original distribution [13] .
International convention gives priority to endangered plant species and species with important economic, cultural and ecological value for reintroduction. Reintroduction is the bridge between in situ and ex situ conservation, and is the final goal of ex situ conservation. Procedures and guidelines for reintroductions have been developed by many international organizations including the European Council [14] , Botanic Gardens Conservation International [10] and the International Union for Conservation of Nature [15, 16] . These guidelines describe the objectives of reintroduction; plant species suitable for reintroduction; habitat requirements for reintroduction; plant material requirements for reintroduction; regulation and control of the reintroduced population; management and monitoring of the reintroduced species; reintroduction procedures; criteria for evaluating the success of the reintroduction. China has established a protocol for the reintroduction of rare and endangered plants involving selecting an appropriate target plant species; conducting basic research on species breeding and other aspects of the biology and ecology; reintroducing the species to the wild while developing market-orientated production; enhancing public awareness of conservation; promoting the reintroduction projects throughout the country. This protocol has resulted in the commercialization of several rare and endangered plant species, including the social, ecological, and economic benefits [2] .
Polak and Saltz [17] identified 890 papers related to species reintroduction after searching the ISI database during the period of 1980-2009. Worldwide, reintroductions have been attempted for about 700 taxa, with 301 plant species [18] . Maschinski and Haskins [18] evaluated the success of 301 attempted reintroductions for 128 plant taxa using propagule survival, population persistence and nextgeneration recruitment. Approximately 20% of the projects involved reintroduction, with 30% involving augmentation. Albrecht et al. [19] analyzed the CPC International Reintroduction Registry (CPCIRR), finding that 49 cases of plant reintroductions had been attempted up to 2009. They found that 92% of the populations survived, 76% reached reproductive maturity, 33% produced a next-generation and 16% produced a next-generation with reproductive individuals. The CPCIRR database showed that some reintroduced populations have persisted for >24 years. Albrecht et al. [19] indicated that documenting population sustainability required more than four years data, particularly for long-lived perennials. In Australia, Sheean et al. [20] assessed 54 reintroductions of plant species, finding 25 successful and 14 failed cases, where the unsuccessful cases occurred because of ineffective predator control. In China, 42 plant reintroductions were attempted, mainly in botanical gardens. Reintroductions using the following species have been systematically studied in China: Primulina tabacum Hance, Tigridiopalma magnifica C. Chen, Acer yangbiense, and Cycas debaoensis Y.C. Zhong et C. J. Chen. Approximately 60 species have been reintroduced in China without scientific oversight [2] . The recent global increase in the number of reintroduction cases indicates that reintroduction is being increasingly used to counter biodiversity loss [21] .
The discipline of species reintroduction is currently considered independent of conservation biology. The development of the field of species reintroduction was recently highlighted in the publication of the following three books: "Restoring diversity: strategies for the reintroduction of endangered plants" [22] ; "Reintroduction Biology: Integrating Science and Management" [23] ; and "Plant Reintroduction in a Changing Climate: Promises and Perils" [18] .
Genetic diversity in reintroduction
Genetic diversity is an important factor in the reintroduction of rare species, indicating a species ability to adapt to dif-ferent future environments. Reintroductions are more likely to succeed long-term if many individuals from different populations are used. In practice, plant reintroductions seldom involve the collection of plant material from multiple sources [18] .
Population ecology and metapopulations provide a framework for understanding and achieving genetic diversity in reintroductions. Theoretically, habitat destruction and fragmentation reduce the population size, increasing the isolation of resident species, resulting in reduced migration and gene flow. To survive environmental change, local populations depend on phenotypic plasticity and adaptive genetic differentiation. Consideration of these genetic limitations is important to prevent the extinction of low fitness populations. Those using reintroduction methods should consider removing detrimental genetic variation and increasing gene flow, neutral variation, and adaptive variation. Therefore, the original seed source of reintroduced species should follow the "seed transfer zones" rule. This rule is defined as the geographical regions where individuals (seeds, seedlings, or adults) of native species can be transferred with no detrimental effects on the mean population fitness. This includes if the transplanting of native species individual (seed, seedling, and grown plant) in the species geographical distribution area is harmless. At the genetic scale, we should consider the expanded phenotypic effect because it may affect ecosystem processes ranging from N mineralization and litter decomposition to the community structure of insect species associated with a particular plant species [24] .
Many reintroduction cases have depended on ex situ conservation from botanical gardens. Kang et al. [25] described three potential genetic risks associated with ex situ conservation in botanical gardens. First, the preserved species may lack sufficient genetic representation because of poor sampling. Second, inappropriate planting in the botanical garden, inadequate records and unclear kinships may expose endangered species to genetic confusion, inbreeding and outbreeding depression. Third, artificial selection and habitat conversion may cause the endangered plants to adapt to the ex situ environment, which may differ substantially from their natural environment. Thus, not recognizing these genetic issues, ex situ conservation will not provide the material required for the reintroduction and restoration of rare and endangered species.
Acer yangbiense is a rare and endangered maple species distributed only in Yunnan Province, China. Zhao et al. [26] found that although the population of A. yangbiense in Yunnan Province contained only five individuals, the population's genetic diversity was high. The authors reported that all of the A. yangbiense seedlings at the time of sampling came from one individual. The presence of three unique alleles in the seedlings indicated that gene flow from other undiscovered A. yangbiense individuals may have occurred. Sun and Yin [27] proposed that >20 randomly selected cultivated seedlings should be conserved and reintroduced for ex situ conservation. Wang et al. [28] found obvious genetic differences and almost no gene flow among eight populations of Primulina tabacum Hance. This included a large number of inbreed individuals with similar genotypes clustered in these populations. Only two populations of Primulina tabacum exhibit substantial genetic diversity, which should be useful for long-term breeding. Ren et al. [29] successfully reintroduced Primulina tabacum Hance with seedlings generated using tissue culture and derived from two populations.
Tollington et al. [30] found that the genetic diversity of a reintroduced parakeet population declined after 20 years. However, for significant genetic differentiation, augmentation led to genetic homogeneity among sub-populations. Lauterbach et al. [31] suggested that the spatial and temporal isolation associated with ex situ conservation increased genetic differentiation and decreased the genetic diversity of an endangered plant species. Therefore, the establishment of an ex situ conservation site should involve sufficient sampling, capturing the diversity of the in situ population and reducing undesired selection the ex situ environment is similar to the in situ environment [25] .
Reintroduction under global climate change
Global climate change threatens the distribution areas of species, possibly changing the relationship between species and their habitats, particularly endangered species requiring reintroduction. Under climate change, reintroduction should increase the distribution and abundance of a species, improve gene flow, strengthen metapopulation dynamics and reduce the risk of population extinction [22] . Conversely, reintroduction involves risks: the reintroduced species could become invasive because of changes in an ecosystem resulting from climate change. Therefore, to facilitate reintroduction, we should assess following factors in reintroduction: the role of the alien species in their natural ecosystem, habitat fragmentation, climate change, scarcity, protection selection and design in reintroduction [22, 32] .
Adhikari et al. [33] reported that under climate change scenarios, habitat distribution models should be used to select appropriate sites for the reintroduction of the tree species, Ilex khasiana. Lawrence and Kaye [34] found that for the successful reintroduction of Castilleja levisecta, the materials used should be obtained from ecologically similar habitats rather than geographically proximate to the reintroduction site and that the site should support a low abundance of exotic species. Niche theory suggests that reintroduced species should have an appropriate distribution area and habitat conditions because suitable habitat is a prerequisite for ex situ conservation [18] . However, under climate change scenarios historical or local scope is unnecessary for reintroduction [35] . Traditionally, using locally propagated seedlings has been considered the best choice when reintroducing plant species. However, research on the rare and endangered species, Jacquemontia reclinata, indicated that reintroduction success could improve using a variety of seed sources in the event of extreme climatic conditions [36] . Another study reported that the plant material used for reintroduction should be selected for tolerance to herbivores, pests and pathogens because the pressure from these organisms is likely to increase under climate change [37] .
Under future climate change conditions, plants will be vulnerable to extinction because they cannot migrate and because their dispersal is typically blocked by mountain barriers. Ren [38] successfully translocated the extremely rare and endangered plant, Tigridiopalma magnifica, from a similar habitat ca. 400 km from its historical distribution area, indicating that human assisted translocation can be achieved. However, climate change exacerbates the conflicts between protective introduction and social acceptability to reintroduction. Translocation concerns the risks related to the target species while reintroduction management focuses on ecosystem risks. Therefore, the integration of decision-making and technology is important with global climate change [39, 40] . In addition, translocation will lead to interspecific hybridization. The reintroduction of rare and endangered species may result in adverse genetic or evolution consequences under the substantial incidence of intercontinental species invasion [41, 42] .
Recruitment: to enhance or limit by means of reintroduction
Plant reintroduction may assist with establishing a sustainable population. However, inadequate recruitment can limit this process because of inadequate seed quantity, poor seedling germination and survival, and poor reproduction by the next adult generation [43] . In the case of human-assisted recruitment, the number of seeds or seedlings recruited can be limited because of an inadequate source or by insufficient herbivore dispersal. Seed germination and seedling survival can decline if the microsite or habitat is inadequate. These limitations occur when the population is below the carrying capacity, i.e., intraspecific competition does not occur. In the early establishment of the reintroduced species (i.e., during the first 2-3 years of a reintroduction project), any of these limitations can be important [44] . In the establishing forest herbs, a key step was the early arrival of seed, including environmental conditions significantly affecting their being established and colonized [45] .
During the reintroduction of rare and endangered species, seedlings of some forest species require either sufficient light or shade, with only some species able to grow in the shade of the understory [18] . Reintroducing rare species in tropical dry rainforests, seeds should be collected at the end of the dry season and sown when the soil is sufficiently moist to increase seedling survival and reduce seed predation [46] .
Plant establishment is mainly determined by the seed and its dispersal limit. Seed germination, predation, disease, grazing and resource availability also affect the recruitment process. In forests, light is the critical resource affecting the recruitment, growth and mortality of understory plant species. The understory vegetation determines ongoing tree species composition through this filtering effect [44, 47] .
The success of plant reintroductions depends on many factors such as: how the planting material is propagated; site selection; the monitoring and management of the material after placement at the site; and the improvement of the soil and other properties at the site. The success of plant reintroductions also depends on the selection of propagule type, habitat features at the site, the geographical location of the original population and the propagule quantity [48] . Ren et al. [38, 49, 50] found that nurse plant species (species that facilitate the growth and development of the target species under its canopy) can help rare and endangered species overcome recruitment limitations. The nurse plants facilitate target species by providing shade (affecting the extinction coefficient and photosynthetically active radiation), temperature moderation, increased soil water content and nutrient availability (through the litter of nursing plant), reducing herbivory, and influencing symbiotic fungi and nitrogen-fixing bacteria in the soil [51] . Research suggests that the main nursing effect is from the reduced light penetration (shading) and increased soil water content. The soil water content increases because of the shading provided by the nurse plant canopy and the mulch from the nurse plant litter [52] .
Reintroduction and ecological restoration
The evaluation of successful reintroduction projects requires long-term monitoring, including the use of short-and long-term criteria. There are three short-term criteria. First, the reintroduced species should be able to complete its life history at the reintroduction site. Second, the reintroduced species should be able to reproduce and increase in abundance. The population growth rate (λ) should be >1 for at least one year, with seed production and the developmental stage distribution similar to those of the natural population. Third, the seeds of the reintroduced species should be able to disperse through local media (such as wind, insects and birds), establishing new populations outside of the reintroduction location.
There are four long-term criteria for evaluating reintroductions. First, the reintroduced population should adapt to locally diverse habitats, complete its breeding process using local pollination vectors, establish links with other species, and fulfill the function of the species in the ecosystem. Second, the reintroduced species should establish a mini-mum viable breeding population and be self-sustaining. Third, the reintroduced population should be able to recover from natural and human disturbances. Finally, the reintroduced population should maintain a low variation coefficient before it attains an effective population size. As indicated by these criteria, successful reintroduction depends on the integration of the reintroduced species into the ecosystem. Consequently, the reintroduced population can contribute to ecological restoration [24] .
When comparing areas occupied by a reintroduced plant species with similar areas within the historical range that were unoccupied, Polak and Saltz [17] determined that plant reintroduction plays a key role in ecosystem restoration and in the reestablishment of ecosystem function. They suggested that the effects on ecosystem functions, including those at the landscape scale, should be examined as part of reintroduction projects.
Reintroduction provides an important opportunity to test concepts concerning population establishment and natural ecosystem management. When selecting a site for reintroduction and beginning the program, managers should consider the site's disturbance history and ecological processes. In addition to considering the requirements of the reintroduced species, reintroduction should consider ecosystem consumers/decomposers, nutrient cycling and energy flow. The goal is to establish all significant ecological links between the population dynamics of the reintroduced species and natural processes [22] . Rayburn [55] suggested that positive interactions between plants can increase the success rate of reintroductions.
Armstrong and Seddon [56] proposed 10 key questions for reintroduction biology. At the population level, they asked the following questions: How is the probability of establishment affected by the size and composition of the release group. How is post-release survival and dispersal affected by pre-and post-release management? What habitat conditions are needed for the persistence of the reintroduced population? How will genetic structure affect the persistence of the reintroduced population? At the metapopulation level: How heavily should source populations be harvested? What is the optimal allocation of translocated individuals among sites? Should translocation be used to compensate for isolation? At the ecosystem level, their questions included are the target species/taxon and its parasites native to the ecosystem? How will the ecosystem be affected by the target species and its parasites? How does the order of reintroductions affect the ultimate species composition?
Prospects
Reintroductions often fail from the lack of basic and applied research. This situation occurs even though rare and endangered plant species have been reintroduced for many years in the USA, UK, Australia and other developing countries. Rather than simply reporting the results of reintroduction, research should focus on elucidating the mechanisms underlying the successes and failures of reintroductions.
The current practice of monitoring reintroductions is inadequate. This is especially true for failed reintroductions, seldom reported, but their reporting could be highly informative. In addition, monitoring periods are often too short. Godefroid and Vanderborght [58] found that the reintroduction is generally monitored for <4 years. They identified several issues including: the descriptions of the reintroduction procedures were often incomplete; the cause of the current population decline was often unclear; insufficient stringent criteria using short-term data; the evaluation of success is often overly optimistic. Godefroid et al. [59] found that the experiences and lessons from reintroductions have not been widely exchanged. The authors suggested the establishment of a network to promote the sharing of results concerning reintroduction.
Montalvo et al. [60] listed five research areas requiring attention in population biology and restoration, with these research areas being highly relevant to plant reintroduction: (i) the influence of numbers of individuals and genetic variation in the initial population on population colonization, establishment, growth, and evolutionary potential; (ii) the role of local adaptation and life history traits in the success of restored populations; (iii) the influence of the spatial arrangement of landscape elements on metapopulation dynamics and population processes such as migration; (iv) the effects of genetic drift, gene flow and selection on population persistence within an often accelerated, successional time frame; (v) the influence of interspecific interactions on population dynamics and community development. In addition, Montalvo et al. [60] highlighted some practical problems such as: inadequate genetic diversity in the donor material selected for reintroduction; the use of non-native germplasm material; genetic bottlenecks; the selection of seed and plant material that are suitable for commercial production but not for reintroduction; lack of mutualists; competition from invasive species.
Managing relocations has become an important strategy for protecting endangered species under climate change, but the risk that the relocated species become invasive has not been evaluated. Our understanding of how relocations should be conducted can be increased using "active adaptive management" and decision theory [61] . Our understanding could be improved if reintroductions were thoroughly documented. For example, Botanic Gardens Conservation International has reintroduced 10 rare tree species in China and the monitoring has mainly focused on population establishment and sustaining growth. However, the metapopulation and ecosystem level processes have seldom been considered but should be documented to obtain the maximum benefits from the reintroduction efforts [20, 56] .
Improving the success of reintroductions and diversity conservation requires greater emphasis on integrating in situ and ex situ conservation, and reintroduction. As part of the reintroduction practice, biotechnology, ecological and engineering technology can be combined, optimizing seed or seedling production, habitat restoration, horticultural measurement and the restoration of interspecies relationships. Jacobs et al. [62] demonstrated this strategy, developing a conceptual framework of technical, ecological, and social factors affecting the restoration of rare and endangered species using the reintroduction of Castanea dentata in America. Jacobs et al. [62] emphasized that restoration, conservation and reintroduction should involve the ecological factors but economic and social factors should also be considered if we are to rebuild a harmonious relationship between human welfare and biodiversity. 
